
  

  

  

  

 Arnold Schwarzenegger 
Governor 

CLIMATE CHANGE AND CALIFORNIA 
WATER RESOURCES: A SURVEY AND 

SUMMARY OF THE LITERATURE

 

Prepared For:  
California Energy Commission 
Public Interest Energy Research Program 
 
 
Prepared By: 
Michael Kiparsky, 
Peter H. Gleick, 
Pacific Institute for Studies in 
Development, Environment, and 
Security 

P
IE

R
  F

IN
A

L
 P

R
O

JE
C

T
 R

E
P

O
R

T
 

 

 

 
 
 
 
July 2003 
500-04-073 

  

 

 

 

 



Prepared By:
Pacific Institute for Studies in Development,
Environment, and Security
Michael Kiparsky
Peter Gleick
Oakland, California
Contract No. 500-01-006
Work Authorization No. 17-AB-01

Prepared For:

California Energy Commission
Public Interest Energy Research (PIER) Program

Guido Franco,
Project Manager

Kelly Birkinshaw,
Program Area Team Lead
Energy-Related Environmental Research

Ron Kukulka,
Acting Deputy Director
ENERGY RESEARCH AND DEVELOPMENT
DIVISION

Robert L. Therkelsen
Executive Director

DISCLAIMER
This report was prepared as the result of work sponsored by the
California Energy Commission. It does not necessarily represent
the views of the Energy Commission, its employees or the State
of California. The Energy Commission, the State of California, its
employees, contractors and subcontractors make no warrant,
express or implied, and assume no legal liability for the
information in this report; nor does any party represent that the
uses of this information will not infringe upon privately owned
rights. This report has not been approved or disapproved by the
California Energy Commission nor has the California Energy
Commission passed upon the accuracy or adequacy of the
information in this report.



i

Acknowledgements

This work was supported by a number of sources, including the Dialogue on Water and
Climate, Government of the Netherlands, the Public Interest Energy Research Program
(PIER) of the California Energy Commission, the California Department of Water
Resources, and the John D. and Catherine T. MacArthur Foundation.  We thank them for
their support.  All conclusions are, of course, our own.

Another product of this effort is a new, searchable, electronic bibliography of the water
and climate literature.  Over 3,000 citations are available to be searched by title, author,
keyword, region, and more, at www.pacinst.org/resources.

The Public Interest Energy Research Program (PIER) of the California Energy
Commission is an integrated, multidisciplinary effort to explore the potential
implications of climate change for California's economy, ecosystems, and health.
Designed to complement national and international studies, the project will provide
California-specific but preliminary information on climate change impacts. Many efforts
are already underway, and the section Research Needs describes future priorities.  For
example, PIER is funding a climate change research program of core research activities
at UC Berkeley and UC San Diego (Scripps). Sc ripps is deve loping a  co mprehensive
me te oro logic al and hydr olo gical da ta base f or  the sta te repre senting histor ic al conditio ns
fo r the  la st  10 0 yea rs.  The  da tab ase w ill b e very usef ul fo r r egional model inter -c ompariso n
wo rk and t he  st udy o f c lim at ic tre nds.  Sc ripps is a lso  te st ing a dynam ic re gio nal c lim ate 
mo de l ( Regio nal Spec tra l M odel)  simulat ing c lim atic condit io ns in Ca lif ornia  fo r t he  la st 50 
ye ar s, and t hey ar e testing new  st at ist ica l dow nsc aling te chniques w ith the goa l o f
ca pt uring extre me event s. Finally, t hey ar e installing met eo rologica l a nd hydro logic al
se nsors in key are as/tr ansec ts in Ca lif ornia  to  tr ac k a  changing c limat e a nd pr ovide  a ric he r
da ta base f or  futur e regional mo del e nha nce me nts and eva lua tions.

The authors would like to acknowledge the following individuals for their thoughts,
comments, and suggestions: Guido Franco was the project manager at the California
Energy Commission. His enthusiasm and patience are appreciated. Thanks also to Kelly
Birkinshaw for support. We also thank:

•  Dr. Dan Cayan, Scripps Institute of Oceanography, University of California, San
Diego, La Jolla.

•  Mr. Maury Roos, California Department of Water Resources, Sacramento.

•  Mr. Kamyar Guivetchi, California Department of Water Resources, Sacramento.

•  Mr. Jonas Minton, California Department of Water Resources, Sacramento.

•  Mr. Sergio Guillen, California Bay-Delta Authority, Sacramento.



ii

Preface

The Public Interest Energy Research (PIER) Program supports public interest energy
research and development that will help improve the quality of life in California by
bringing environmentally safe, affordable, and reliable energy services and products to
the marketplace.

The PIER Program, managed by the California Energy Commission (Commission),
annually awards up to $62 million to conduct the most promising public interest energy
research by partnering with Research, Development, and Demonstration (RD&D)
organizations, including individuals, businesses, utilities, and public or private research
institutions.

PIER funding efforts are focused on the following RD&D program areas:

•  Buildings End-Use Energy Efficiency

•  Energy-Related Environmental Research

•  Environmentally Preferred Advanced Generation

•  Industrial/Agricultural/Water End-Use Energy Efficiency

•  Renewable Energy Technologies

•  Strategic Energy Research

What follows is the final report for the California Water Policy and Climate Change
project, contract number 500-01-006, work authorization 17-AB-01, conducted by the
Pacific Institute for Studies in Development, Environment, and Security.  The report is
entitled Climate Change and California Water Resources: A Survey and Summary of the
Literature.  This project contributes to the PIER Energy-Related Environmental Research
program.

For more information on the PIER Program, please visit the Energy Commission’s Web
site at: www.energy.ca.gov/pier, or contact the Energy Commission at (916) 654-4628.
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Abstract

The Pacific Institute surveyed existing literature on climate change and its impacts on
water resources in California. The study reviewed projected effects of climate change on
the state’s water supply, delivery, and quality, and explored the economics involved in
meeting the challenges that those affects could bring about.

The study concluded that managing water resources to address climate change impacts
could prove different than managing for historical climate variability because:
(1) climate changes could produce hydrologic conditions and extremes of a different
nature than current systems were designed to manage; (2) they may produce similar
kinds of variability but outside of the range for which current infrastructure was
designed; (3) traditional water resource management  assumes that sufficient time and
information will be available before the onset of large or irreversible climate impacts to
permit managers to respond appropriately; (4) traditional management  assumes that no
special efforts or plans are required to protect against surprises or uncertainties.

The literature survey identified specific recommendations for the following areas:

•  Water planning and management

•  Sea level concerns

•  Modifying operation of existing systems

•  New supply options

•  Demand management, conservation, and efficiency

•  Economics, pricing, and markets

•  State water law

•  Hydrologic and environmental monitoring

A more comprehensive assessment of all of these areas, supported by multiple state
agencies and including the participation of a wide range of stakeholders, could be a
valuable tool for policymakers and planners, and the researchers urge such an
assessment to be undertaken in the near future.
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Executive Summary

Objectives

Some of the most significant impacts of climate change will be on water
resources—impacts that are of special concern to regions like California where water
policy is already of great interest and concern.

Evidence of climate change impacts on California’s hydrologic system have already
appeared in various forms.  Water agencies around the State have begun to consider the
implications of climate change for the reliability and safety of water systems, and
professional water organizations have begun urging managers and planners to integrate
climate change into long-term planning.  Although many uncertainties remain,
responsible planning requires that the California water community work with climate
scientists and others to reduce those uncertainties and to begin to prepare for those
impacts that are well understood, already appearing, or likely to appear.

Substantial work has been done at the international and national level to evaluate
climatic impacts, but far less information is available on regional and local impacts.  This
paper begins the process of summarizing some of the consequences of climate change
for water resources and water systems in California.

Outcomes

Researchers identified issues and research related to climate change impacts on
California’s natural and managed water systems. They also identified a number of
reports that outline impacts of climate change on water resources and recommendations
for addressing those impacts.  This report classified those recommendations into four
categories: Current No-Regrets Actions, Communication and Collaboration, Research
Needs, and Information Gathering. Researchers noted that none of the reports
contradicted each other on any specific recommended measure.

Conclusions, Recommendations, and Benefits to California

The study concluded that managing water resources to address climate change impacts
could prove different than managing for historical climate variability because:
(1) climate changes could produce hydrologic conditions and extremes of a different
nature than current systems were designed to manage; (2) they may produce similar
kinds of variability but outside of the range for which current infrastructure was
designed; (3) traditional water resource management assumes that sufficient time and
information will be available before the onset of large or irreversible climate impacts to
permit managers to respond appropriately; (4) traditional management  assumes that no
special efforts or plans are required to protect against surprises or uncertainties.
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The study identified the following information and recommendations:

•  Water planning and management: Water planners and managers must increase
emphasis on trying to understand the consequences of climate change on the
state’s water resources.

•  Sea level concerns: To increase levee height of the 520 miles of levees that are
outside the federal flood control project (to accommodate sea level rise) would
cost $300 million above the $613 million to $1.28 billion that is already necessary
to bring them up to Public Law 84-99 standard.

•  Modifying operation of existing systems: Managers must determine if existing
facilities can they handle the impacts that will occur under future climate change,
and at what economic cost. Precise information on future climate impacts is
unavailable, so water managers must explore the sensitivity of their system to a
wider range of conditions, and develop methods or technologies to improve
operational water management. They should also determine quantitative
impacts from climate change on water supply and flood control, and evaluate
alternative water management options.  In addition, water managers should
closely examine the design practices of hydraulic infrastructure, because of the
many uncertainties in predicting peak flows under climate change scenarios.
Rainfall depth-duration-frequency data widely used for designing local storm
water control and drainage facilities could be updated at least every 20 years or
so, to gradually incorporate climate change data into the record and in the
rainfall statistics.

•  New supply options: Supply designs and operations must consider climate
change impacts and incorporate wastewater reclamation and reuse, water
marketing and transfers, and limited desalinization, where it is cost-effective.
Designs for new construction must be robust enough to permit satisfactory
operation under a wide range of conditions.

•  Demand management, conservation, and efficiency: Demand management is
critical to mitigate loss of water supply. Efficient management should continue to
be developed and implemented, because such improvements have been shown to
be more economical than developing new supply.

•  Economics, pricing, and markets: New pricing mechanisms should be used to
better recognize the true costs of water supply and to support water markets.

•  State water law: Current water laws were written without considering climate
change impacts on water supply. They are predicted to conflict with one another
as water resources diminish.

•  Hydrologic and environmental monitoring: Good hydro-meteorological data are
the starting point for evaluating the capabilities of water supply and flood
protection systems. Important data gaps need to be filled in the following areas:
measurements of precipitation and related climate data, streamflow, snowpack,
and ocean and Delta water levels; water quality sampling; systematic sea-level
measurements; and land use and cover monitoring.
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A more comprehensive assessment of all of these areas, supported by multiple state
agencies and including the participation of a wide range of stakeholders, could be a
valuable tool for policymakers and planners, and the researchers urge such an
assessment to be undertaken in the near future.
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1.0 Introduction

1.1. Background and Overview

The issue of global climate change has begun to play an increasing role in scientific and
policy debates over effective water management.  In recent years, the evidence that
global climate change will have significant effects on water resources in California has
continued to accumulate.  More than 150 peer-reviewed scientific articles on climate and
water in California have now been published, with many more in preparation,
addressing everything from improvements in downscaling of general circulation models
to understanding how reservoir operations might be adapted to new conditions.

California water planners and managers have been among the first in the nation to
consider these issues, though most efforts in this field have been both modest and
informal. Initial research and analysis on climate risks facing California water resources
began in the early 1980s and by the end of the decade state agencies such as the
California Energy Commission had prepared the first assessments of state greenhouse
gas emissions and possible impacts to a wide range of sectors. The California Water Plan
(Bulletin 160) first briefly addressed climate change in 1993. More recently, the Public
Interest Energy Research program (PIER) of the California Energy Commission has
reinvigorated scientific research at the state level to explore a wide range of climate
impacts and risks, including risks to water resources. Other state agencies, such as the
California Department of Water Resources, have also revived an interest in these issues
(see the Acknowledgement Section and the Research Needs summary; see also a draft
summary document from PIER by Wilson et al. 2003).

In recent years, the scientific consensus has broadened that climate changes will be the
inevitable result of increasing concentrations of greenhouse gases. There is also a
growing consensus that various anthropogenic climate impacts are already appearing
worldwide.  Evidence of its impacts on California’s hydrologic system has also appeared
in various forms.  Water agencies around the State have begun to consider the
implications of climate change for the reliability and safety of water systems, and
professional water organizations have begun urging managers and planners to integrate
climate change into long-term planning.  In 1997, the American Water Works
Association issued a committee report concluding that “Agencies should explore the
vulnerability of both structural and nonstructural water systems to plausible future
climate changes, not just past climatic variability” and “Governments at all levels should
reevaluate legal, technical, and economic approaches for managing water resources in
light of possible climate changes” (AWWA 1997).

Many uncertainties remain.  Responsible planning, however, requires that the California
water community work with climate scientists and others to reduce those uncertainties
and to begin to prepare for those impacts that are well understood, already appearing,
or likely to appear.

Climate change is a scientific reality.  The broad consensus of the scientific community is
that greenhouse gases emitted by human activities are accumulating in the atmosphere
and that these gases will cause a wide range of changes in climate dynamics, especially
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the accumulation of terrestrial radiation (IPCC  2001).  Some of the most significant
impacts will be on water resources—impacts that are of special concern to regions like
California where water policy is already of great interest and concern (Gleick and others
2000; Wilkinson and others 2002).  As concentrations of these gases continue to increase,
greater amounts of terrestrial radiation will become trapped, temperatures will rise
further, and other impacts will become more significant.

1.2. Project Approach

Substantial work has been done at the international and national level to evaluate
climatic impacts, but far less information is available on regional and local impacts.  This
paper begins the process of summarizing some of the consequences of climate change
for water resources and water systems in California.  A more comprehensive
assessment, supported by multiple state agencies and including the participation of a
wide range of stakeholders could be a valuable tool for policymakers and planners, and
we urge such an assessment to be undertaken in the near future.

1.3. Report Organization

Section 2 provides and overview of climate change’s impacts on California’s water
resources. Section 3 discusses observed water trends for water temperature,
precipitation, runoff, and variability and extreme events for the state.  Section 4 covers
climate change impacts on California’s managed water systems. Section 5 outlines policy
directions in addressing water issues. Section 6 identifies specific policy actions.

2.0 Climate Change and Impacts on California Water Resources

2.1. Overview of Modeling

Projecting regional impacts of climatic change and variability relies first on General
Circulation Models (GCMs), which develop large-scale scenarios of changing climate
parameters, usually comparing scenarios with different concentrations of greenhouse
gases in the atmosphere.  This information is typically at too coarse a scale to make
accurate regional assessments. As a result, more effort has recently been put into
reducing the scale and increasing the resolution of climate models through various
techniques such as downscaling or integrating regional models into the global models.
The resulting finer-scale output can then be analyzed for given watersheds, ideally with
the incorporation of other hydrologic parameters such as local evaporation,
transpiration, soil conditions, topography, snowpack, and groundwater.

Models are typically calibrated by comparing model runs over historical periods with
observed climate conditions. It should be emphasized that these model results are not
intended as specific predictions, but rather are scenarios based on the potential climatic
variability and change driven by both natural variability and human-induced changes.
Nonetheless, they are useful for assessing potential possible future conditions.
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2.2. Temperature

Modeling results from GCMs are consistent in predicting increases in temperatures
globally with increasing concentrations of atmospheric greenhouse gases resulting from
human activity.  Higher temperatures are of particular interest and concern for
California water systems because of their effect on Sierra snowpack accumulation and
snowmelt and other hydrologic variables, addressed below.  Recent work by Snyder et
al. (2002) has produced the finest-scale temperature and precipitation estimates to date.
Resulting temperature increases for a scenario of doubled CO2 concentration are 1.4–3.8
degrees C throughout the region (Figure 1).  This is consistent with the global increases
predicted by the Intergovernmental Panel on Climate Change (2001).  Sample
temperature results from two different GCMs are also presented below in Figures 2a
and 2c.  In a regional model of the Western United States, Kim et al. (2002) project a
climate warming of around 3 to 4 degrees C.  Of note in both studies is the projection of
uneven distribution of temperature increases.  For example, regional climate models
show the warming effects are greatest in the Sierra Nevada Mountains, with
implications for snowpack and snowmelt (Kim et al. 2002; Snyder et al. 2002).  Similar
results have been noted in Barnett et al. (in review).

2.3. Precipitation

In general, while modeling of projected temperature changes is broadly consistent across
most modeling efforts, there are disagreements about precipitation estimates.
Considerable uncertainties about precise impacts of climate change on California
hydrology and water resources will remain until we have more precise and consistent
information about how precipitation patterns, timing, and intensity will change.  Some
recent regional modeling efforts conducted for the western United States indicate that
overall precipitation will increase (Giorgi et al. 1998; Kim et al. 2002; Snyder et al. 2002),
but considerable uncertainty remains due to differences among larger-scale GCMs
(Figures 1 and 2). Where precipitation is projected to increase, the increases are centered
in Northern California (Kim et al. 2002; Snyder et al. 2002, Figure 1) and in winter
months.  More general large-scale precipitation results from two different GCMs are also
presented below in Figures 2b,d.  Further work is in progress to extend and improve
these modeling efforts, and to use watershed-scale hydrological models that will be of
more direct value to planners.
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Figure 1. Comparison of modeling results for a baseline CO2 scenario (column 1)
and doubled CO2 scenario (column 2).  Column 3 shows the differences between
the two scenarios.  Panels A, D, and G compare modeled surface temperatures
throughout the California region as represented in the model of Snyder et al.

(2002).  The temperature increases of 1.4–3.8 degrees C throughout the region are
consistent with global modeling projections.  Panels B, E, and H represent

changes in April snowpack, and show a statistically significant decrease in the
Sierras.  Panels C, F and I show April precipitation.  Note the increase in the

northern part of the State, and slight decrease in central California.  Figure from
Snyder et al. (2002).
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Figure 2a. Hadley2 model temperature changes for 2080 showing increases of 2 to
5 degrees C for the western United States. www.cics.uvic.ca/scenarios/index.cgi

Figure 2b. Hadley2 model precipitation changes for 2080, showing projected
increases in precipitation in the western United States.

www.cics.uvic.ca/scenarios/index.cgi
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Figure 2c. Canadian model 1 showing temperature changes across North America
for 2080, including 3 to 7 degrees C temperature increases in the western United

States. www.cics.uvic.ca/scenarios/index.cgi

Figure 2d. Canadian climate model precipitation changes for 2080 showing
substantial precipitation increases in the western United States.

www.cics.uvic.ca/scenarios/index.cgi
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2.4. Evaporation and Transpiration

Evaporation and transpiration are important aspects of the hydrologic balance affecting
climate, plant growth and distributions, and water demand and use.  Increasing average
temperatures generally lead to an increase in the potential for evaporation, though
actual evaporation rates are constrained by the water availability on land and vegetation
surfaces and in the soils.  In California, atmospheric moisture content can limit
evaporation rates, so changes in humidity are relatively important.  Vegetative cover is
also important because plants intercept precipitation and transpire water back to the
atmosphere.  Different vegetation types play different roles in evaporation; so
evaluating the overall hydrologic impacts of climate change in a region requires some
understanding of current vegetation patterns and of the ways in which vegetation
patterns may change.

Transpiration, the movement of water through plants to the atmosphere, is affected by
variables including plant cover, root depth, stomatal behavior, and the concentration of
carbon dioxide (CO2) in the atmosphere.  Investigations of the impacts of increased
carbon dioxide concentrations on transpiration have yielded conflicting results—some
assessments suggest reductions in overall water use while others indicate that some
plants acclimatize to increased CO2 levels, limiting improvements in water-use efficiency
(Field et al. 1995; Korner 1996; Rötter and Van de Geijn 1999).  Multiple factors related to
climate change can have more complex effects when taken together, including
suppressing gains in plant growth (Shaw et al. 2002).  Reproducible generalizations for
evapotranspiration (ET) are not yet available, and these issues are central for future
research.

Climate models have consistently projected that global average evaporation would
increase in the range of 3 to 15 percent for an equivalent doubling of atmospheric carbon
dioxide concentration. The greater the warming, the larger these increases are expected
to be (IPCC 2001).

2.5. Snowpack

By delaying runoff from winter months when precipitation is greatest, snow
accumulation in the Sierra Nevada acts as a massive natural reservoir for California.
Despite uncertainties about how increased greenhouse gas concentrations may affect
precipitation, there is very high confidence that higher temperatures will lead to
dramatic changes in the snowfall and snowmelt dynamics in watersheds with
substantial snow (see summary in Gleick and others 2000). Higher temperatures will
have several major effects: they will increase the ratio of rain to snow, delay the onset of
the snow season, accelerate the rate of spring snowmelt, and shorten the overall
snowfall season, leading to more rapid and earlier seasonal runoff.

As early as the mid-1980s and early 1990s, regional hydrologic modeling of global
warming impacts has suggested with increasing confidence that higher temperatures
will affect the timing and magnitude of runoff in California (see, for example, Gleick
1986; Gleick 1987a,b; Lettenmaier and Gan 1990; Lettenmaier and Sheer 1991; Nash and
Gleick 1991a,b; Hamlet and Lettenmaier 1999).  Indeed, over the past two decades, this
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has been one of the most persistent and well-established findings on the impacts of
climate change for water resources in the United States and elsewhere, and it continues
to be the major conclusion of regional water assessments (see, for example, Knowles and
Cayan 2002; Barnett et al. in review).  Figure 3 shows hypothetical changes in
hydrographs that can be expected with changing snow dynamics in the Sierra Nevada.
Figure 4 shows a specific projection of changes in Sierra Nevada snowpack from a
regional modeling study.

Figure 3. Rising temperatures will reduce runoff in spring and summer and
increase it during winter months by affecting snowfall patterns and the timing and

rate of snowmelt. (from Gleick and others 2000).

A few broad assessments have simulated the effects of climate change on snowpack in
the United States (McCabe and Legates 1995; Cayan 1996; McCabe and Wolock 1999).
McCabe and Wolock (1999) evaluated the links between climate conditions and
snowpack for over 300 different snow sites in the western United States, including the
Sierra Nevada and the Colorado basin.  They used long-term historical records to
develop a snow model that used altered climatic information from GCMs.  For most of
the sites, strong positive correlations were found between precipitation and snowpack;
strong negative correlations were found between temperature and snowpack.  These
correlations indicate that the supply of winter moisture is the best predictor of snowpack
volume, while temperature is the best predictor of the timing of snowmelt and the
overall nature of the snow season.  This correlation breaks down only for those high-
altitude sites where mean winter temperatures are so cold that the ratio of rain to snow
is not affected.
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The models used in the National Assessment (Gleick and others 2000) show large
decreases in April 1 snowpack for all of the snow sites in California.  In some of the
extreme cases, model snowpack is completely eliminated by the end of the next century,
although some snowfall and snowmelt would certainly continue in high-altitude sites.
More recent work with a more detailed regional scale shows snow accumulation in
February will be reduced by up to 82% in a 2xCO2 scenario, with an almost complete
melting by the end of April (Snyder et al. 2002). Figures 1 and 4 show other modeling
efforts projecting that decreased snowfall and enhanced winter snowmelt could deplete
most of the snow cover in California by the end of the winter (Kim et al. 2002; Knowles
and Cayan 2002).

Figure 4. Possible snowpack changes from Knowles and Cayan (2002) for the
Sierra Nevada, showing dramatic drops in snowpack liquid water content by the

middle of this century for typical GCM projections of temperature increases.  This
dramatic graphic is a good illustration of the kinds of snowpack changes noted in

a wide range of studies beginning in the early 1980s (see text for details).

2.6. Variability, Storms, and Extreme Events

Variability is a natural part of any climatic system, caused by processes that will
continue to exert an important influence on the climate system even as changes induced
by rising concentrations of greenhouse gases are felt.  Efforts to understand how natural
patterns of variability, such as hurricanes, intense rainstorms, and El Niño/La Niña
events affect California’s water resources help to identify vulnerabilities of existing
systems to hydrologic extremes (McCabe 1996; Vogel et al. 1997; Piechota et al. 1997;
Cayan et al. 1999).
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Large climatic variability has been a feature of California’s past.  Paleoclimatic evidence
from tree rings, buried stumps, and lakebed sediment cores suggests that the past 200
years has been relatively wet, and relatively constant when compared with longer
records (Meko et al. 1980; Michaelsen et al. 1987; Hughes and Brown 1992; Earle 1993;
Haston and Michaelsen 1997; Meko et al. 2001; Benson et al. 2002).  These longer records
reveal greater variability than the historical record, in particular in the form of severe
and prolonged droughts (Stine 1994).  In spite of this evidence, planning and operation
are generally based on the historical climate record since 1900, which may not be
representative of past or future conditions.

While variability is not well modeled in large-scale general circulation studies, some
modeling studies suggest that the variability of the hydrologic cycle increases when
mean precipitation increases, possibly accompanied by more intense local storms and
changes in runoff patterns (Noda and Tokioka 1989; Kothavala 1997; Hennessy et al.
1997).  In addition, another long-standing model result points to an increase in drought
often resulting from a combination of increased temperature and evaporation along with
decreased precipitation (Haywood et al. 1997; Wetherald and Manabe 1999; Meehl et al.
2000; Lambert 1995; Carnell and Senior 1998; Felzer and Heard 1999).

Models produce various pictures of increased storminess, but increased storm intensity
is consistently forecast, whether or not their frequency also increases.  (Carnell and
Senior 1998; Hayden 1999; Lambert 1995; Frei et al. 1988).

The frequency of El Niño events may increase due to greenhouse warming.
Timmermann et al. (1999) used a high-resolution global climate model to simulate the El
Niño/Southern Oscillation (ENSO) phenomenon under conditions of warming.  Their
model indicated that the tropical Pacific climate system would undergo systematic
changes if greenhouse gas concentrations doubled.  In particular, their results suggest a
world where the average condition would be like the present-day El Niño condition and
events typical of El Niño would become more frequent.  Their results also found more
intense La Niña events and stronger interannual variability, meaning that year-to-year
variations may become more extreme under enhanced greenhouse conditions.  More
frequent or intense El Niños would alter precipitation and flooding patterns in the
United States in a significant way.

In a study that analyzed 20 GCMs currently in use worldwide, extreme events may
intensify over the next century as CO2 and other greenhouse gases increase in the
atmosphere. The study suggests that the West Coast may be less affected by extreme
droughts than other areas, instead having increased rainfall resulting in moister soil
(Meehl et al. 2000).  However, in a study that reviewed several GCM scenarios, an
increased risk of large storms and flood events was shown for California (Miller et al.
1999).  Conflicting conclusions about storms support the need for higher-spatial-
resolution models with better cloud and precipitation processes.

Major floods on California’s rivers are produced by slow-moving Pacific storm systems,
which sweep moist subtropical air from a southwesterly direction into the State.  In
modeling by DWR on the American River basin, increased storm temperatures of three
degrees Celsius increased storm runoff by about 10 percent (personal communication,
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M. Roos 2003).  The 1986 flood on which these experiments were based had the highest
3-day average flow on record for the American River, claimed fifteen lives, and caused
m o r e  t h a n  a  b i l l i o n  d o l l a r s  i n  p r o p e r t y  d a m a g e
(www.news.water.ca.gov/1997.spring/quest.html).  Since existing flood control
facilities in the Central Valley and elsewhere can barely accommodate such a large flood
event, even a modest increase caused by climate warming could pose problems without
either changes in operations or infrastructure.

2.7. Large-Area Runoff

Runoff is directly affected by changes in precipitation and temperature.  However,
runoff in actual watersheds is rarely explicitly evaluated in GCMs, because their
resolution is insufficient to include other critical watershed characteristics.  Estimates of
changes in runoff over large areas are thus often relatively simple evaluations of changes
in large-scale precipitation and evapotranspiration patterns (Arnold et al. 1998; Arnold
et al. 1999; Srinivasan et al. 1993). Despite remaining uncertainties in precipitation
patterns, especially, Brown et al. (1999) concluded that the potential impact of altered
precipitation and the expected increases in evapotranspiration are of large enough
dimensions to require consideration in any analysis of future regional or national water
supply and demand.  Another important consideration is the projected change in
seasonality of the hydrologic cycle that would affect the heavily managed water systems
of the western United States.

In California, water yields will increase in late winter/early spring because of increased
runoff, as described earlier, due to the seasonality of the precipitation changes and to an
earlier spring snowmelt caused by the projected warming under climate change.  Rising
temperatures also impact annual water yields by increasing ET, thereby reducing the
contribution of lateral flow to streamflow and groundwater recharge.  This combination
results in a marked increase in water yield during late winter and early spring and in
some cases a reduction in water yield during the summer.  If there is no general increase
in precipitation in these regions, the early snowmelt will lead to shortages of water in
summer.  The hydrology is controlled by the timing and intensity of the spring
snowmelt, and is impacted principally by the degree of warming during this time
period.

Several different conclusions can be drawn from a review of the literature. First, the
great differences in results show the difficulty of making accurate “predictions” of
future runoff—these results should be viewed  as sensitivity studies and used with
considerable caution. Second, runoff is extremely sensitive to climate conditions.  Large
increases in precipitation will probably lead to increases in runoff: such increases can
either worsen or lessen water management problems, depending on the region and the
nature of the problem. Third, far more work is needed, on a finer scale, to understand
how climate will affect national water resources. Until GCMs get better at evaluating
regional temperature and precipitation, their regional estimates of future runoff must be
considered speculative and uncertain.  While it is well established that changes in runoff
are likely to occur, we have little confidence that we understand how specific regions
will be affected.  The above discussion and model results highlight many of the
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uncertainties surrounding the implications of climate change for overall water
availability.

2.8. Regional Runoff

Detailed estimates of changes in runoff due to climate change have been produced for
California using regional hydrologic models.  By using anticipated, hypothetical, or
historical changes in temperature and precipitation and models that include realistic
small-scale hydrology, modelers have consistently seen significant changes in the timing
and magnitude of runoff resulting from quite plausible changes in climatic variables.  In
California, runoff is extremely sensitive to rainfall: a small percentage change in rainfall
can produce a much larger percentage change in runoff.  Considerable effort has been
made to evaluate climate impacts in particular river basins, including the Sacramento,
the San Joaquin, the Colorado, the Carson/Truckee, and others.  Even in the absence of
changes in precipitation patterns, higher temperatures resulting from increased
greenhouse gas concentrations lead to higher evaporation rates, reductions in
streamflow, and increased frequency of droughts (Schaake 1990; Rind et al. 1990; Nash
and Gleick 1991a,b, 1993).  In such cases, increases in precipitation would be required to
maintain runoff at historical levels.

For California, one of the most important results for planners has also been one of the
most consistent.  Warming-induced change in the timing of streamflow, including both
the intensity and timing of peak flows, is a consistent result.  A declining proportion of
total precipitation falls as snow as temperatures rise, more winter runoff occurs, and
remaining snow melts sooner and faster in spring (see, for example, Gleick 1986,
1987a,b; Lettenmaier and Gan 1990; Nash and Gleick 1991b; Miller et al. 1999; Knowles
and Cayan 2002; VanRheenen et al. in press).  In some basins, spring peak runoff may
increase; in others, runoff volumes may significantly shift to winter months.

Shifts in runoff timing in snowmelt-fed basins are consistent in all studies that looked at
daily or monthly runoff.  These studies show with very high confidence that increases in
winter runoff, decreases in spring and summer runoff, and higher peak flows will occur
in such basins as temperatures rise. With warming, snow levels in the mountains will
rise on average, and the average amount of snow-covered area and snowpack will
decrease.  A reasonable estimate suggests that for every degree Celsius of temperature
rise, the snow-covered area will shift about 500 feet higher (M. Roos, personal
communications).

Assuming the amount of precipitation remained approximately the same, in the
Sacramento River region, only about one fourth of the snow zone would remain, with an
estimated decrease of 5 million acre feet (MAF) of April through July runoff (Cayan
1996; Knowles and Cayan 2002; Miller et al. 1999.   The impact would be much less in the
higher elevation of southern Sierra. For example in the San Joaquin/Tulare Lake region
about seven-tenths of snow zone would remain.

Under current operating rules, less spring snowmelt could also make it more difficult to
refill winter reservoir flood control space during late spring and early summer of many
years, thus potentially reducing the amount of surface water available during the dry
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season.  Lower early summer reservoir levels also would adversely affect lake recreation
and hydroelectric power production, with possible late-season temperature problems for
downstream fisheries. Not all river systems would be equally affected; much depends
on the existing storage capacity.  The storage-to-runoff ratio for the American River is
only about 0.64, which makes it more vulnerable to these changes than, for example, the
Stanislaus River with a ratio of 2.45.

2.9. Colorado River

The Colorado River supplies water to nearly 30 million people and irrigates more than
one and a half million hectares of farmland in Wyoming, Colorado, Utah, New Mexico,
Arizona, Nevada, California, and the Republic of Mexico.  Spanning 2,300 kilometers
and eventually running through Mexico to the Sea of Cortez, the river is the only major
water supply for much of the arid southwestern United States and the Mexicali Valley of
Mexico, and it plays a special role in California’s water situation.

Colorado River basin water supply, hydroelectricity generation, reservoir levels, and
salinity are all sensitive to both the kinds of climate changes that are expected to occur
and to the policy options chosen to respond to them.  Because of concerns about these
issues, some of the very first river basin climate studies examined the impacts of climatic
changes on the Colorado River basin and several of its major tributaries.

The earliest studies used historical regression approaches to evaluate the impacts of
hypothetical temperature and precipitation changes (Stockton and Boggess 1979; Revelle
and Waggoner 1983).  Both of these studies suggested that modest changes in average
climatic conditions could lead to significant changes in runoff.  Revelle and Waggoner
concluded that a 2 degree Celsius (C) increase in temperature with a 10-percent drop in
precipitation would reduce runoff by 40 percent.  Stockton and Boggess’ results were
similar, with a projected 35 to 56 percent drop in runoff.

By the late 1980s, researchers began to use physically based models capable of
evaluating climatic conditions outside of the range of existing experience and hydrologic
statistics.  Under the auspices of the American Association for the Advancement of
Science (AAAS), Schaake (1990) used a simple water-balance model to evaluate the
elasticity of runoff in the Animas River in the upper Colorado River basin.  That study
suggested that a 10-percent change in precipitation would lead to a 20-percent change in
runoff, while a 2 degree C increase in temperature would reduce runoff by only about 2
percent.  More significant, however, was the finding that changes in temperature would
have significant seasonal effects on snowmelt, a finding in agreement with the earlier
conclusions of Gleick (1987) for the Sacramento River (described elsewhere).

In 1991, the U.S. Bureau of Reclamation (which has responsibility for operations in the
Colorado Basin) and the U.S. Geological Survey evaluated the impacts of global climate
change on the Gunnison Basin, an important tributary of the Colorado.  Like the earlier
Schaake study, this analysis also found significant seasonal changes in runoff due to
increases in temperature, with an advance in spring snowmelt of close to a month for a
temperature increase of 2 to 4 degrees C (Dennis 1991).
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Nash and Gleick (1991a,b, 1993) analyzed the impacts of climate change on the Colorado
basin using conceptual hydrologic models coupled with the U.S. Bureau of Reclamation
Colorado River Simulation System (CRSS) model of the entire water-supply system of
the river (Nash and Gleick 1991a,b, 1993).  They evaluated hypothetical temperature and
precipitation scenarios as well as the equilibrium GCM scenarios available at the time.
A GCM transient run was done as well with one of the first models to use transient
greenhouse gas inputs. River flows were found to be very sensitive to both precipitation
and temperature, though less sensitive than the earlier regression studies.  As with
earlier studies, major changes in the seasonality of runoff resulted from the impacts of
higher temperature on snowfall and snowmelt dynamics.  The effects of climate changes
on water supplies were dependent on the operating characteristics of the reservoir
system and the institutional and legal rules constraining the operators.  The variables
most sensitive to changes in runoff were found to be salinity, hydroelectric generation,
and reservoir level.  This study also evaluated the possible utility of increased storage
capacity to address the impacts of climate changes and concluded that additional
storage would do nothing to alleviate potential reductions in flow. Only if climatic
changes were to increase streamflow variability without decreasing long-term supply
might additional reservoirs in the Upper Colorado River Basin have any benefits.

Another comprehensive assessment of the Colorado Basin’s systems of reservoirs was
done for the Colorado River Severe Sustained Drought study (CRSSD) (Lord et al. 1995).
That analysis focused on a scenario of long-term drought, rather than a single climate
change scenario, and concluded that the “Law of the River” as currently implemented
would leave ecosystems, hydropower generation, recreational users, and Upper Basin
water users vulnerable to damages, despite the extensive infrastructure.  A related study
also found that water reallocation through marketing had the power to reduce drought
damages (Booker 1995).

Eddy (1996) looked at extreme events in the Colorado Basin and evaluated the impact of
an increase or decrease in precipitation of 10 percent on the duration of wet and dry
periods.  Eddy concluded that changing average precipitation would not change the
number of consecutive wet or dry years by more than one year, but that about once
every 20 years, some groupings of stations would experience a dramatic change in
consecutive extreme years.  If several portions of the Upper Colorado Basin experienced
these major wet or dry periods simultaneously, “an episode of crisis proportions could
occur.”  Recently, Christensen et al. (2002) have updated this work on the Colorado
River basin and found comparable changes in snowfall/snowmelt dynamics, runoff,
and sensitivity of the water resource system in the basin to climate change.

2.10. Soil Moisture

Soil moisture—a measure of the water in different depths of soil—defines vegetation
type and extent, influences agricultural productivity, and affects groundwater recharge
rates.  The amount of water stored in the soils is influenced by vegetation type, soil type,
evaporation rates, and precipitation intensity.  Any changes in precipitation patterns
and evapotranspiration regime directly affect soil-moisture storage.  Decreased
precipitation or increased temperature can each lead to decreases in soil moisture.
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Where precipitation increases significantly, soil moisture is likely to increase, perhaps by
large amounts.

GCM results suggest large-scale regional soil drying in summer owing to higher
temperatures.  Drying could have significant impacts on agricultural production and on
the supply of and demand for water.  One consequence of this drying is an expected
increased incidence of droughts in some regions, measured by soil-moisture conditions,
even where precipitation increases, because of the increased evaporation (Vinnikov et al.
1996). Soil-moisture response has important implications for crop yield and irrigation
demand (Brumbelow and Georgakakos 2000).

Modeling of the Sacramento Basin identified reductions in summer soil moisture of 30
percent or more resulting from a shift in the timing of runoff from spring to winter, a
decrease in snow, and higher summer temperatures and evaporative losses (Gleick 1986,
1987a,b).  Similar results are seen for the Colorado River basin, where large increases in
precipitation were found to be necessary in order to simply maintain soil moisture at
present historical levels as temperatures and evaporative losses rise (Nash and Gleick
1991b, 1993).

2.11. Water Quality

Water quality depends on a wide range of variables, including water temperatures,
flows, runoff rates and timing, and the ability of watersheds to assimilate wastes and
pollutants.  Climate change could alter all of these variables.  Higher winter flows of
water could reduce pollutant concentrations or increase erosion of land surfaces and
stream channels, leading to higher sediment, chemical, and nutrient loads in rivers.
Changes in storm flows will affect urban runoff, with attendant water-quality impacts.
Lower summer flows could reduce dissolved oxygen concentrations, reduce the dilution
of pollutants, and increase zones with high temperatures.  Less directly, changes in land
use resulting from climatic changes, together with technical and regulatory actions to
protect water quality, can be critical to future water conditions.  The net effect on water
quality for rivers, lakes, and groundwater in the future therefore depends not just on
how climatic conditions might change but also on a wide range of other human actions
and management decisions, as noted in modeling experiments by Eheart et al. (1999).

In a review of potential impacts of climate change on water quality, Murdoch et al.
(2000) conclude that significant changes in water quality are known to occur as a direct
result of short-term changes in climate.  They note that water quality in ecological
transition zones and areas of natural climate extremes is vulnerable to climate changes
that increase temperatures or change the variability of precipitation and argue that
changes in land and resource use will have comparable or even greater impacts on water
quality than changes in temperature and precipitation.  They recommend that long-term
monitoring of water quality is critical for identifying severe impacts, as is developing
appropriate management strategies for protecting water quality.

Moore et al. (1997) note that increased water temperatures enhance the toxicity of metals
in aquatic ecosystems and that increased lengths of biological activity could lead to
increased accumulation of toxics in organisms.  Ironically, increased bioaccumulation
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could decrease the concentration of toxics in the water column, improving local water
quality.  Similarly, higher temperatures may lead to increased transfer of chemicals from
the water column to sediments.  However, increases in air temperature, and the
associated increases in water temperature, are likely to lead to adverse changes in water
quality, even in the absence of changes in precipitation.

Ecosystems influence water quality in very direct ways.  Changes in terrestrial
ecosystems will also lead to changes in water quality by altering nutrient cycling rates
and the delivery of nutrients to surface waters (Murdoch et al. 1998).  The issues of water
quality and ecosystem health should be weighed together (see below).

Studies suggest that changes in precipitation will affect water quantity, flow rates, and
flow timing.  Decreased flows can exacerbate temperature increases, increase the
concentration of pollutants, increase flushing times, and increase salinity (Schindler
1997; Mulholland et al. 1997).  Decreased surface-water volumes can increase
sedimentation, concentrate pollutants, and reduce non-point source runoff (Mulholland
et al. 1997).  Increases in water flows can dilute point-source pollutants, increase
loadings from non-point source pollutants, decrease chemical reactions in streams and
lakes, reduce the flushing time for contaminants, and increase export of pollutants to
coastal wetlands and deltas (Jacoby 1990; Mulholland et al. 1997; Schindler 1997).
Higher flows can increase turbidity in lakes, reducing ultraviolet-B (UV-B) penetration.
More work specific to California needs to be done.

2.12. Lake Levels and Conditions

Although little California-specific work has been done, lakes are known to be sensitive
to a wide array of changes in climatic conditions.  Variations in temperature,
precipitation, humidity, and wind conditions can alter evaporation rates, the water
balance of a basin, ice formation and melting, and chemical and biological regimes
(McCormick 1990; Croley 1990; Bates et al. 1993; Hauer et al. 1997; Covich et al. 1997;
Grimm et al. 1997; Melak et al. 1997).  Closed (endorheic) lakes are extremely sensitive to
the balance of inflows and evaporative losses.  Even small changes in climate can
produce large changes in lake levels and salinity (Laird et al. 1996).

Other effects of increased temperature on lakes could include higher thermal stress for
cold-water fish, higher trophic states leading to increased productivity and lower
dissolved oxygen, degraded water quality, and increased summer anoxia.  Decreases in
lake levels coupled with decreased flows from runoff and groundwater may exacerbate
temperature increases and loss of thermal refugia and dissolved oxygen.  Increased net
evaporation may increase salinity of lakes.  Hostetler and Small (1999) also note that
climate variability may amplify or offset changes in the mean state under climate
changes and may ultimately be more important that changes in average conditions.
Some non-linear or threshold events may also occur, such as a fall in lake level that cuts
off outflows or separates a lake into two isolated parts.  Work is needed to identify
threatened lakes in California and projected impacts of such events on downstream
flows and groundwater recharge.
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2.13. Groundwater

Groundwater withdrawals in California in the mid-1990s are estimated to be around
14.5 million acre-feet, nearly 20 percent of all the groundwater withdrawn in the entire
United States. (In typical years, groundwater accounts for around 30 percent of all urban
and agricultural water use in the state (www.groundwater.water.ca.gov/).  In some
areas current levels of groundwater use are already unsustainable, with pumping rates
exceeding natural recharge.  Groundwater overdrafts in California in the drier years of
the  1990s  averaged near ly  1 .5  mi l l ion  acre- fee t  per  year
(www.groundwater.water.ca.gov/).

Little work has been done on the impacts of climate changes for specific groundwater
basins, or for general groundwater recharge characteristics or water quality. Changes in
recharge will result from changes in effective rainfall as well as a change in the timing of
the recharge season.  Increased winter rainfall, expected for some mid-continental, mid-
latitude regions could lead to increased groundwater recharge.  Higher temperatures
could increase the period of infiltration where soils freeze.  Higher evaporation or
shorter rainfall seasons, on the other hand, could mean that soil deficits persist for
longer periods of time, shortening recharge seasons (Leonard et al. 1999). A significant
portion of winter recharge comes from deep percolation of precipitation below the
rooting zone, whether of native vegetation or farmland.  Warmer winter temperatures
between storms would be expected to increase ET, thereby drying out the soil between
storms.  A greater amount of rain in subsequent storms would then be required to wet
the root zone and provide water for deep percolation.

Pumping from some coastal aquifers in California has exceeded the rates of natural
recharge, resulting in saltwater intrusion into the aquifers.  Sea-level rise could also
affect coastal aquifers through saltwater intrusion.  Oberdorfer (1996) used a simple
water-balance model to test how changes in recharge rates and sea-level would affect
groundwater stocks and flows in a California coastal watershed. While some
sensitivities were identified, the author notes that the complexity of the interactions
among the variables required more sophisticated analysis.

Warmer, wetter winters would increase the amount of runoff available for groundwater
recharge. However, this additional runoff in the winter would be occurring at a time
when some basins, particularly in Northern California, are either being recharged at
their maximum capacity or are already full. Conversely, reductions in spring runoff and
higher evapotranspiration because of higher temperatures could reduce the amount of
water available for recharge. The extent to which climate will change and the impact of
that change are both unknown. A reduced snowpack, coupled with increased rainfall
may require a change in the operating procedures for our existing dams and conveyance
facilities.

The most recent California groundwater report from the Department of Water Resources
notes that these possible changes may require more sophisticated conjunctive
management programs in which the aquifers are more effectively used as storage
facilities. They also recommend that water managers consider evaluating their systems
to better understand the existing snowpack-surface water-groundwater relationship,
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and identify opportunities that may exist to optimize groundwater storage capability
under new hydrologic regimes that may result from climate change
(www.groundwater.water.ca.gov/).

2.14. Sea Level

Sea-level rise, caused by thermal expansion of ocean waters and melting of ice from land
surfaces, will affect groundwater aquifers and coastal ecosystems.  Mean sea level (msl)
data for stations along the coast of California show msl rising. Figures 5a and b show the
increase as measured at Fort Point/the Golden Gate in San Francisco over the past 100
years.  Early studies of the impacts of sea-level rise in California show that estuarine
impacts of sea-level rise will be felt in the San Francisco Bay and the Sacramento-San
Joaquin River delta in northern California (Williams 1985, 1987; SFBCDC 1988). Among
the risks will be threats to levee integrity and tidal marshes, the salinity of water in the
Delta region, and intrusion of salt water into coastal aquifers.

Delta levees protect transportation systems, agriculture, and homes in the region.
Williams projected that levees would fail at a higher rate, sediment movements would
be changed, mudflats and salt marshes would experience more erosion, and ecosystem
impacts could be substantial (Williams 1985, 1987).  In addition, tidal marshes in parts of
the San Francisco Bay would be submerged by a one-meter sea-level rise (SFBCDC
1988).  One analysis showed that only a 15-centimeter (6 inch) rise would transform the
current 100-year high tide peak in San Francisco Bay into about a 10-year event (Gleick
and Maurer 1990).  Severe high tides could thus become a more frequent threat to the
delta levees and their ability to protect land and water systems there.

Williams (1985, 1987) also concluded that the average salinity level could migrate
roughly 15 kilometers upstream, impacting the State’s water-supply infrastructure.  This
could degrade fresh water transfer supplies pumped at the southern edge of the Delta or
require more fresh water releases to repel ocean salinity.  Salinity is already a problem in
the Delta.  Both the Central Valley Project and the State Water Project are operated
under water quality constraints.  Most of the time, salinity constrains the project
operations in late summer and early fall when the availability of water in the reservoirs
are at its lowest.  Therefore, to mitigate an increase in salinity due to sea level rise,
pumping has to be cut during these months.  The project operations are further
constrained by X2 standards in months of February through June.  (X2 is the distance in
kilometers of tidally and depth-averaged 2 psu isohaline from the Golden Gate bridge.)
More reservoir releases or reduced pumping would be required to push the increased
salinity intrusion caused by the sea level rise back towards the bridge.

Earlier snowmelt runoff in the spring would allow more time for summer saltwater
intrusion.  Preliminary modeling studies indicate that increase in sea level and changes
in freshwater inflows would affect salinity throughout the Sacramento-San Joaquin
Delta (see, for example, Knowles and Cayan 2002).
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Figure 5a and b: Yearly and mean sea-level rise at the Golden Gate, California,
from 1900. Sea level rise at Fort Point, San Francisco. This is the longest

continuous record of sea level rise on the west coast of the United States. Source:
The U.S. Geological Survey, http://geopubs.wr.usgs.gov/fact-sheet/fs175-99/.

2.15. Ecosystems

Humans are dependent upon ecosystem processes to supply essential goods and
services such as primary productivity and inputs from watersheds, fish for commercial
and recreational purposes, decomposition and biological uptake, and water purification.
The health and dynamics of ecosystems are fundamentally dependent on a wide range
of climate-sensitive factors, including the timing of water availability, and overall water
quantity, quality, and temperature.  All of these factors may be altered in a changed
climate.  Freshwater systems are rich in biological diversity, and a large part of the fauna
is threatened in California—150 species of animals are listed as endangered or
threatened under state and federal law, and more than 200 species of plants are facing
similar threats (www.dfg.ca.gov/hcpb/species/t_e_spp/tespp.shtml).  A changing
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climate may intensify these threats in many ways, such as by accelerating the spread of
exotic species and further fragmenting populations (Firth and Fisher 1992; Naiman
1992).  Experience with ecosystem dynamics strongly suggests that perturbing
ecosystems in any direction away from the conditions under which they developed and
thrive will have adverse impacts on the health of that system (Peters and Lovejoy 1992;
IPCC 2001).

The direct effects of climate change on ecosystems will be complex.  Previous
assessments have established a wide range of possible direct effects, including changes
in lake and stream temperatures, lake levels, mixing regimes, water residence times,
water clarity, thermocline depth and productivity, invasions of exotic species, fire
frequency, permafrost melting, altered nutrient exchanges, food web structure, and
more (for a review, see Gleick and others 2000; Wilkinson and others 2002).

The ecological response to a modification in natural flow regime resulting from climate
change depends on how the regime is altered relative to the historical conditions (Meyer
et al. 1999).  For example, a system that has historically experienced predictable, seasonal
flooding, such as snowmelt-dominated streams and rivers, may show dramatic changes
in community composition and ecosystem function if the seasonal cycles are eliminated
or substantially altered, as has been documented for the loss of riparian trees along
western watercourses (Auble et al. 1994).

It is likely that the ecosystems at greatest risk from climate change are those that are
already near important thresholds, such as where competition for water is occurring,
where water temperatures are already near limits for a species of concern, or where
climate change will act with other anthropogenic stressors such as large water
withdrawals or wastewater returns (Meyer et al. 1999; Murdoch et al. 2000).

There will be both positive and negative direct effects of increasing temperatures on
aquatic and terrestrial ecosystems.  In general, while many uncertainties remain,
ecologists have high confidence that climatic warming will produce a northward shift in
species distributions, with extinctions and extirpations of temperate or cold-water
species at lower latitudes, and range expansion of warm-water and cool-water species
into higher latitudes (Murdoch et al. 2000).

If California water temperatures rise significantly, the difficulty of managing the state’s
already threatened salmon and steelhead fisheries would increase.  Higher atmospheric
temperatures will make it more difficult to maintain rivers cold enough for cold-water
fish, including anadromous fish.  With reduced snowmelt, existing cold-water pools
behind major foothill dams are likely to shrink.  As a result, river water temperature
could warm beyond a point that is tolerable for the salmon and steelhead that currently
rely upon these rivers during the summer.  Under this scenario, there is concern about
how to maintain the existing, cold-water temperature standards in the upper
Sacramento River.

Nutrient loading generally increases with runoff, particularly in human-dominated
landscapes (Alexander et al. 1996).  Delivery of constituents like phosphorus, pesticides,
or acids in pulses can have adverse consequences for fishes.  Increased numbers of



24

water-quality excursions that exceed ecological thresholds will limit the effectiveness of
policies designed for average conditions (Murdoch et al. 2000).

Peak flows occurring much earlier in the season (Leung and Wigmosta 1999; Hay et al.
2000) could result in washout of early life-history stages of autumn-spawning
salmonids.  Changes in sediment loading and channel morphology in an altered climate
can impact processes regulating nutrient cycling and community composition (Ward et
al. 1992).

Burkett and Kusler (2000) reviewed likely climate change impacts on wetlands.  They
concluded that expected changes in temperature and precipitation would alter wetland
hydrology, biogeochemistry, plant species composition, and biomass accumulation.
Because of fragmentation resulting from past human activities, wetland plants often
cannot migrate in response to temperature and water-level changes, and hence, are
vulnerable to complete elimination.  Wetland plant response to increased CO2 could also
lead to shifts in community structure with impacts at higher trophic levels. Small
changes in the balance between precipitation and evapotranspiration can alter
groundwater level by a few centimeters, which can significantly reduce the size of
wetlands and shift wetland types.  Burkett and Kusler (2000) note that there are no
practical options for protecting wetlands as a whole from rising temperature and sea
level and changes in precipitation. Some management measures could be applied to
specific places to increase ecosystem resilience or to partially compensate for negative
impacts, but there is often no explicit economic or institutional support for doing so.
Among the options for mitigation are development setbacks for coastal and estuarine
wetlands, linking fragmented ecosystems to provide plant and animal migration routes,
using water-control structures to enhance ecosystem function, and explicit protection
and allocation of water needed for ecosystem health.  Some research has been done on
these issues, but far more is needed, including modeling and experimental work on the
interactions with food webs and hydrological regimes (Power et al. 1995; Carpenter et al.
2000).

Increased concentrations of greenhouse gases has been observed to both either increase
and decrease plant growth, depending on species and the availability of other key
growth conditions (Field et al. 1995).  Availability of water at a critical time of the plant
life will determine actual plant growth. Predicted drier summers might adversely affect
drought-sensitive plants. Further research has to be done in translating possible increase
plant growth to increase in yield.

2.16. Water Demand

There are likely to be changes in water use, as well as in water supply.  In general, plant
ET increases with temperature.  Higher CO2 levels, however, reduce water consumption
(at least in laboratory tests), and seem to increase yield (see Shaw et al. 2003).  The higher
water consumption with warmer temperatures will likely only be partially offset by the
CO2-based reductions.  Thus, the net result could be slightly higher agricultural water
requirements.  Assessing the potential impacts to agriculture is complicated for some of
the annual crops, because it may be possible to adjust the planting season to adapt.
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The whole subject of potential crop ET and water requirements is an important area of
investigation for university and agriculture extension service people.  In view of further
cuts in water availability to California agriculture, changes in ET would be of great
importance.  Further modeling and experimental work is needed.

3.0 Is Climate Change Already Affecting California’s Water?

3.1. Temperature and Related Trends

The average surface temperature of the Earth has increased by around 0.6 degrees
Celsius over the past century (NRC 2000).  The fifteen warmest years this century have
all occurred since 1980 and, the 1990s were the warmest decade of the entire millennium
(Mann and Bradley 1999). Temperatures in the United States have also increased.
Pronounced warming has occurred in winter and spring, with the largest increases in
the period March–May over the western U.S. (Lettenmaier et al 1994; Dettinger and
Cayan 1995; Vincent et al. 1999).  Figures 6 and 7 show global and hemispheric
temperature trends.

Figure 6.  Global temperatures have been rising sharply in the northern
hemisphere since the industrial revolution.  This graph shows Northern

Hemisphere temperature reconstruction from paleoclimate data (blue) and
instrumental data (red) from AD 1000 to 1999, adapted from Mann et al. (1999).

Smoother version of NH series (black), linear trend from AD 1000 to 1850 (purple-
dashed) and two standard error limits (grey shaded) are shown.



26

Figure 7. Temperature Trends in the Continental United States (1900 to 1994).

3.2. Precipitation Trends

Karl and Knight (1998), updated by Groisman et al. (2001) show an increase in
precipitation in the continental United States, with most of the increase in the highest
annual one-day precipitation event—a potentially worrisome trend in regions where
flooding is a problem (Figure 8).  By analyzing long-term precipitation trends in the
United States, they determined that:

•  Precipitation over the contiguous United States has increased by about 10 percent
since 1910;

•  The intensity of precipitation has only increased for very heavy and extreme
precipitation days;

•  Increases in total precipitation are strongly affected by increases in both the
frequency and the intensity of heavy and extreme events, measured as the highest 1-
day annual precipitation event;

•  The probability of precipitation on any given day has increased;

•  The proportion of total precipitation from heavy events has increased at the expense
of moderate precipitation events.
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Figure 8.  From Groisman et al. (2001). Linear trends in percent per 100 years of
annual precipitation.  Green dots indicate increase precipitation; brown dots

indicate decreasing precipitation.

3.3. Runoff Trends

River runoff or discharge reflects multiple climatic factors, which makes it an important
indicator of climatic variability and change.  Discharge also integrates numerous human
influences such as flow diversions for irrigation and municipal use, natural streamflow
regulation by dams and reservoirs, and baseflow reduction by groundwater pumping.
Detecting a climate signal in the midst of these complicating factors can be difficult
(Changnon and Demissie 1996) and this is one of the most active areas for ongoing
research.

Shortly after early modeling studies projected changes in the timing of runoff with
increasing temperatures (Gleick 1986, 1987b), DWR hydrologist Maurice Roos provided
empirical evidence consistent with these projections (Roos 1987).  In recent years, these
changes in timing of streamflow have gained in statistical significance (shown in
Figure 9).
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Figure 9. Historical trend in seasonal runoff for the Sacramento River.  The
decreasing percentage of April–July runoff indicates an earlier melting of the

seasonal mountain snowpack.

Lins and Slack (1999) looked at historical trends in monthly mean flow across broad
regions of the U.S., finding statistically significant increases in California.  Lettenmaier et
al. (1994) evaluated trends using monthly mean discharge and also found significant
increases in western streamflow from 1948 through 1988.  During 1948 through 1991,
snowmelt-generated runoff came increasingly early in the water year in many basins in
northern and central California. A declining fraction of the annual runoff was occurring
during April to June in middle–elevation basins (as described above) and an increasing
fraction was occurring earlier in the water year, particularly in March (Dettinger and
Cayan 1995).  Gleick and Chalecki (1999) observed this same basic pattern in an analysis
of the Sacramento and San Joaquin Rivers over the entire twentieth century.

Groisman et al. (2001) found little relation between increases in heavy precipitation and
changes in high streamflow, similar to Lins and Slack (1999).  More recently, however,
Groisman et al. (2001) have documented an increase in precipitation and especially
heavy precipitation in the United States as a whole, and related changes in peak
streamflow. The changes were most notable in the eastern United States because
changes in snowcover in the West have complicated runoff studies. In the mountainous
western US, snow cover has significantly retreated during the latter half of the twentieth
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century, and there have been related shifts in seasonal discharges, but peak flows have
not increased because of the changes in timing.

Snowmelt-runoff timing shifts, especially in middle-elevation mountainous river basins
are important because of their sensitivity to changes in mean winter temperatures
(Dettinger and Cayan 1995).  However, as Dettinger and Cayan further note, the
observed hydrologic shifts in these areas can involve more than simple relationships
with air temperature alone.

Climate models and theoretical studies of snow dynamics have long projected that
higher temperatures would lead to a decrease in the extent of snow cover in the
Northern Hemisphere (see, for example, Dettinger and Cayan 1995; Cayan 1996).  Recent
field surveys corroborate these findings.  Snow cover over the Northern Hemisphere
land surface has been consistently below the 21-year average (1974 to 1994) since 1988
(Robinson et al. 1993; Groisman et al. 1994), with an annual mean decrease in snow
cover of about 10 percent over North America.

3.4. Variability and Extreme Events

Extreme weather events are expected to be one of the most significant impacts of climate
change.  Phenomena such as the El Niño/Southern Oscillation, which is the strongest
natural interannual climate fluctuation, have effects on the entire global climate system
and the economies and societies of many regions and nations, including the United
States.  The strong El Niños of 1982/83 and 1997/98, along with the more frequent
occurrences of El Niños in the past few decades, have forced researchers to try to better
understand how human-induced climate change may affect interannual climate
variability (Trenberth and Hoar 1996; Timmermann et al. 1999).

Analyses of flood risks are traditionally based on past data and on a fundamental
assumption that peak floods are “random, independent, and identically distributed
events.”  This assumes that climatic trends or cycles are not affecting the distribution of
flood flows and that the future climate will be similar to past climate.  Current concern
over natural variability, anthropogenic climate change, and possible impacts on
hydrology, however, calls this assumption into question (NRC 1998).

4.0 Climate Change and Impacts on Managed Water-Resource Systems

There is a rapidly growing literature about how climate changes may affect U.S. water
resources systems (see www.pacinst.org/resources for a searchable bibliography).
Research has been conducted on a wide range of water-system characteristics, including
reservoir operations, water quality, hydroelectric generation, and others.  At the same
time, significant gaps remain.

The Central Valley Project and the State Water Project are each operated under strict
guidelines, with constraints that have to be met prior to water being available for export.
Flood control storage in reservoirs, water rights in upper Sacramento and San Joaquin,
minimum flow requirements in the rivers and the Delta, dissolved oxygen concentration
in the Stanislaus River, 800,000 acre-feet per year reserved for restoration of fish, wildlife
and habitat restoration and salinity standards in the Delta are all considered in pumping
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operations.  Even under existing supply and demand patterns, water requirements are
barely met under dry and critical water years.  Modifying existing constraints and
optimizing the current operation of the system should be looked into, especially because
of the possibility of a reduced water supply at critical times due to climate change.

Precipitation, temperature, and carbon dioxide levels affect both the supply of, and
demand for, renewable water resources. Agricultural, urban, industrial and
environmental needs will each increase at certain times of the year.  For example,
irrigation is particularly sensitive to climatic conditions during the growing season.
Also, while indoor domestic water use is not very sensitive to temperature and
precipitation, outdoor uses for gardens and parks are very climate dependent.  And,
higher water temperatures would reduce the efficiency of cooling systems and increase
the demand for cooling water.  Thus, climate will affect overall water use directly and
indirectly.

4.1. Water Supply Infrastructure

A major challenge facing hydrologists and water managers is to evaluate how changes
in system reliability resulting from climate changes may differ from those anticipated
from natural variability and, in theory, already anticipated in original project designs.
Both surface and groundwater supply systems are known to be sensitive to the kinds of
changes in inflows and demands described earlier.  Many regional studies have shown
large changes in the reliability of water yields from reservoirs could result from small
changes in inflows (Nemec and Schaake 1982; USEPA 1989; Lettenmaier and Sheer 1991;
McMahon et al. 1989; Cole et al. 1991; Mimikou 1991a,b; Mimikou and Kouvopoulos
1991; Nash and Gleick 1991b, 1993).  Lettenmaier and Sheer (1991), for example, noted
the sensitivity of the California State Water Project to climate change under current
operating rules.  They concluded that changes in operating rules might improve the
ability of the system to meet delivery requirements, but only at the expense of an
increased risk of flooding.  This kind of trade-off is now being seen in a broader set of
analyses.

Changes in runoff were the most important factors determining the climate sensitivity of
system performance (Lettenmaier et al. 1999), even when they evaluated the direct
effects of climate change on water demands.  These sensitivities depended on the
purposes for which water was needed and the priority given to those uses.  Higher
temperatures increased system use in many basins, but these increases tended to be
modest, as were the effects of higher temperatures on system reliability.

4.2. Hydropower and Thermal Power Generation

California produces hydropower at a rate second only to the Pacific Northwest.  The
amount of hydropower production for a given facility is function of amount of water
available, head over which the water falls, and time of operation.  Changes in
precipitation amount or pattern will have a direct impact on hydropower generation. If
snowpack decreases, hydropower generation during these months would be reduced.
However, wetter winters might enable additional hydropower generation during winter
and spring if adequate flood control can be provided.
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Variability in climate already causes variations in hydroelectric generation.  During a
recent multi-year drought in California, decreased hydropower generation led to
increases in fossil-fuel combustion and higher costs to consumers.  Between 1987 and
1991, these changes cost ratepayers more than $3 billion and increased greenhouse gas
emissions (Gleick and Nash 1991).  Because of conflicts between flood-control functions
and hydropower objectives, human-induced climate changes in California may require
more water to be released from California reservoirs in spring to avoid flooding.  This
would result in a reduction in hydropower generation and the economic value of that
generation.  At the same time, production of power by fossil fuels would have to
increase to meet the same energy demands in California, at a cost of hundreds of
millions of dollars and an increase in emissions of greenhouse gases (Hanemann and
McCann 1993).

Climate changes that reduce overall water availability or change the timing of that
availability have the potential to adversely affect the productivity of U.S. hydroelectric
facilities.  In contrast, reliable increases in average flows would increase hydropower
production.  More sophisticated studies such as that by Lettenmaier et al. (1999) are
necessary for California.  Alternative sources of energy, combined with energy
conservation, may be a necessary means of adapting to decreased hydropower.

4.3. Agriculture

The strong links between water-resources availability and use and agricultural
productivity deserve some comment here.  In particular, relatively small changes in
water availability could lead to relatively large impacts in the agricultural sector.
Assessing the impacts of climate change on agriculture requires integrating a wide range
of factors.

In the mid-1990s, approximately 75 percent of all water consumption occurred in
California’s agricultural sector.  In California, the vast majority of agricultural
production requires irrigation water from both surface and groundwater sources.
Increases in water availability due to climate changes could help reduce the pressures
faced by growers; conversely decreases in water availability are likely to affect growers
more than other users for two reasons: urban and industrial users can pay more for
water; and proportional reductions in water availability would lead to larger overall
reductions to farmers.  If irrigators holding senior water rights are allowed to sell or
transfer those rights, some could actually benefit from decreases in water availability
(Gleick and others 2000).

Brumbelow and Georgakakos (2000) assessed changes in irrigation demands and crop
yields using physiologically based crop models, and reached several important
conclusions for regional agricultural changes, though their results are dependent upon a
single climate scenario and hence should be considered speculative.  Durum wheat
irrigation needs decreased significantly in California (82% decrease).  Corn irrigation
demands strongly decreased west of the 104th meridian (40% to 75% decrease) and were
otherwise only slightly changed.  In all regions, the length of the overall growing season
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increased.  Economics of crop changes and quantitative water use figures are subjects for
future research.

4.4. Extreme Events

Much of the analysis of climate and water impacts looks at how changes in various
means will affect water and water systems, such as mean temperatures, average
precipitation patterns, mean sea level, and so on.  Although many factors of concern are
affected by such average conditions, some of the most important impacts will result not
from changes in averages, but from changes in local extremes.  Water managers and
planners are especially interested in extreme events and how they may change with
climate change.  Unfortunately, this is one of the least-well understood categories of
impacts and we urge more effort be devoted to studying it.  Hydrological fluctuations
impose two types of costs on society: the costs of building and managing infrastructure
to provide more even and reliable flows, and the economic and social costs of floods and
droughts that occur in spite of these investments.

Ironically, some regions could be subjected to both increases in droughts and increases
in floods if climate becomes more variable.  Even without increases in variability, both
problems may occur in the same region.  In California, where winter precipitation falls
largely as snow, higher temperatures will increase the ratio of rain to snow, shifting
peak runoff toward the period of time when flood risk is already highest.  At the same
time, summer and dry-season runoff will decrease because of a decline in snowpack and
accelerated spring melting.

4.5. Floods

Flooding is the nation’s most costly and destructive natural disaster.  A change in flood
risks is therefore one of the potential effects of climate change with the greatest
implications for human well-being.  Few studies have looked explicitly at the
implications of climate change for flood frequency, in large part because of the difficulty
of getting detailed regional precipitation information from climate models and because
of the substantial influence of both human settlement patterns and water-management
choices on overall flood risk.  Floodplain development places more people and property
at risk and it reduces a basin’s capacity to naturally absorb flood flows.

Future flood damages will depend on many factors. Among the most important are the
rate and style of development in the floodplains, the level and type of flood protection,
and the nature of climate-induced changes in hydrological conditions, sea levels, and
storm surges. As noted earlier, regional and local changes in hydrological conditions
attributable to a greenhouse warming are uncertain but research to date suggests that
there is a risk of increased flooding in California.  In any case, flooding depends not only
on average precipitation but on the timing and intensity of precipitation—two
characteristics not well modeled at present.
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4.6. Droughts

Water managers must also be concerned about the risks of droughts.  Droughts vary in
their spatial and temporal dimensions and are highly dependent on local management
conditions and the perceptions of local water users.  No single definition of drought
applies in all circumstances; thus determining changes in drought frequency or intensity
that might be expected to result from climate changes is complicated.  Most past studies
have focused on evaluating changes in low-flow conditions and probabilities.

Quantifying the socioeconomic impacts of a drought is difficult, and comprehensive
damage estimates are rarely available.  Agriculture, the economic sector most
susceptible to water shortages, is likely to suffer reduced crop production, soil losses
due to dust storms, and higher water costs during a drought. But non-climatic factors
can play an important role in limiting, or worsening, the impacts of climate.
Agricultural losses during California’s six-year drought from 1987–1992 were reduced
by temporarily fallowing some land, pumping more groundwater, concentrating water
supplies on the most productive soils and higher value crops, and purchasing water in
spot markets to prevent the loss of tree crops. Direct economic losses to California’s
irrigated agriculture in 1991 were estimated at only $250 million, less than 2 percent of
the state’s total agricultural revenues (Nash and Gleick 1993; U.S. Army Corps of
Engineers 1994).

A prolonged drought affects virtually all sectors of the economy. Urban users in
California paid more for water and were subject to both voluntary and mandatory
conservation programs. Landscaping and gardening investments and jobs were lost.
Electricity costs, as described above, rose more than $3 billion because of reduced
hydropower power production. Recreation was adversely impacted. Visits to California
state parks declined by 20 percent between 1987 to 1991, and water-based activities such
as skiing and reservoir fishing declined (Gleick and Nash 1991).  During this drought,
the state’s environmental resources may have suffered the most severe impacts. Most
major fisheries suffered sharp declines and many trees were weakened or killed by the
lack of precipitation, increasing the subsequent risk of forest fires (Nash 1993;
Brumbaugh et al. 1994).  Many of these ecosystem impacts are never monetized or
quantified.

5.0 Coping and Adaptation: Policy Directions

5.1. Review of Policy Recommendations from Peer-Reviewed Sources

For over a decade, scientists have been producing formal, peer-reviewed
recommendations for integrating their work into policy.  We synthesize their
suggestions for coping and adaptation from several key reports.  Each recommendation
is followed by one or more references indicating which reports included it.  While only
the California Energy Commission report (1991) is wholly specific to California, it
should be noted that most focus on the Western United States, including California,
because in general impacts of climate change on water resources are expected to be
greater in areas which are already water-stressed.  The following reports are used in this
synthesis:
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• (Waggoner 1990) – The American Association for the Advancement of Science
(AAAS) published this volume detailing the setting, impacts, and responses for
U.S. water resources.  It was the most in-depth, interdisciplinary, and
scientifically sophisticated report until the National Assessment (Gleick and
others 2000).

• (California Energy Commission 1991) – The first report by a California State
agency was mandated by AB4420 in 1988.  The CEC report is specific to
California, and produced under the auspices of a California Agency.  It should
be noted that its recommendations were based on the assumption that
snowmelt timing will be the primary hydrologic variable altered by climate
change, and precipitation was held constant in its scenarios.  In our interviews,
California water policymakers cited it repeatedly as an influential early
document.

• (American Water Works Association 1997) – The Public Advisory Forum of the
American Water Works Association issued a succinct set of recommendations
to water managers.  As the largest U.S. professional water utilities and
providers’ organization, its peer-reviewed document should carry weight with
water managers.

• (Gleick and others 2000) – The report of the Water Sector of the National
Assessment on the Potential Consequences of Climate Variability and Change
for the United States provides a regional and national overview of the impacts
of climate change on water resources.

• (Wilkinson and others 2002) – The draft report of the California Regional
Assessment Group of the National Assessment provides an overview of
impacts for the State’s ecosystems, economy, society, human health, and other
areas.  It includes a major chapter on water resources.  In its section on
recommendations for adaptation, it quotes in full the Water Sector (Gleick and
others 2000) and the AWWA reports (American Water Works Association
1997).  In addition, it offers other recommendations, which are cited in this
summary.

These reports were all peer-reviewed, except the CEC report, which is included because
of its historical influence and the degree of its specificity to California.  A general theme
in the recommendations is the adoption of “no-regrets” strategies, which are defined by
the IPCC as policies that would have net social benefits whether or not there is
anthropogenic climate change (McCarthy et al. 2001).

In the context of broad scientific consensus that global climate change is real and
expected with a very high degree of confidence, these recommendations also implicitly
or explicitly acknowledge that specific regional effects are not yet predictable with high
certainty.  This point was emphasized in the recommendations of the AAAS report
(Waggoner 1990).

It is also notable that none of the reports contradict each other on any specific
recommended measure.  This consistency follows from the general scientific consensus
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on global climate change, but also from the generally conservative nature of the
suggestions.  Even the California Energy Commission report (1991), with its less-
sophisticated scientific basis, produced recommendations that are consistent with those
of later efforts.  Some of the recommendations have been acted on, and some responses
are currently being devised.

We divided the list below into four categories:  Current No-Regrets Actions,
Communication and Collaboration, Research Needs, and Information Gathering.

5.2. Current No-Regrets Actions

• Governments and agencies should reevaluate legal, technical, and economic
procedures for managing water resources in the light of the climate changes that are
highly likely (Waggoner 1990; American Water Works Association 1997; Gleick and
others 2000; Wilkinson and others 2002).

• Governments should encourage flexible institutions for water allocation including
water markets (Waggoner 1990).

• Planning should occur over appropriate regions, which may or may not correspond
to current boundaries (Waggoner 1990).  This approach would elevate the
importance of hydrologic boundaries over political boundaries.

• Increased funding is necessary for interdisciplinary research necessary to address the
broad-based impacts and effects of climate change (Waggoner 1990).

• Flexible decisions should be encouraged, particularly in the design and construction
of new projects (Waggoner 1990; Gleick and others 2000; Wilkinson and others 2002).

• Opportunities for water conservation, demand management, and efficiency should
be explored and encouraged (Waggoner 1990; California Energy Commission 1991;
Gleick and others 2000; Wilkinson and others 2002).

• Private enterprises should decrease vulnerabilities to the hydrologic effects of
climate change through water transfers or construction of new infrastructure
(Waggoner 1990).

• The State should improve both weather and flood forecasting (California Energy
Commission 1991).

• The State should assess Delta levees’ strength with respect to increasing sea level rise
(California Energy Commission 1991).

• Water managers should carefully consider increased storage in new surface or
underground storage facilities (California Energy Commission 1991; Gleick and
others 2000).  The California Energy Commission (1991) gave the most specific
recommendation, at four million acre feet, plus storage for maintenance of Delta
salinity levels.  This estimate, however, should be taken in the context of the relative
generality of its science.
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• Existing dams should have temperature controls added for fish species that require
cold water downstream (California Energy Commission 1991).

• New supply should come from both traditional and alternative places, such as
wastewater reclamation and reuse, water marketing and transfers, and possibly
desalination (Gleick and others 2000).

• Prices and markets should be adjusted to balance supply and demand (Gleick and
others 2000).

•  Water laws should be updated and improved water laws, including review of the
legal allocation of water rights (American Water Works Association 1997; Gleick and
others 2000).

• Managers should plan and invest for multiple benefits (e.g. Water supply, energy,
wastewater, and environmental benefits result from water use efficiency increases)
(Wilkinson and others 2002).

• Site-dependant application of climate change science to stormwater management
strategies should be used, including approaches like increasing permeable surfaces
in urban areas (Wilkinson and others 2002).

5.3. Communication and Collaboration

• Water organizations should communicate regularly with scientists, with the dual
goals of communicating scientific advances to managers and communicating what
knowledge is necessary from scientists for effective management (Waggoner 1990;
American Water Works Association 1997; Gleick and others 2000).

• “Those reporting about climate change bear a special responsibility for accuracy,
conveying the real complexities and uncertainties, and not oversimplifying.
Scientists must make extra effort to explain clearly in conservative and
understandable terms.” (Waggoner 1990).

• Timely flows of information between scientific community, public, and water
management should be facilitated (American Water Works Association 1997; Gleick
and others 2000).1

5.4. Research Needs

There is no shortage of research needs, several of which are listed below.  The PIER
project has developed a research agenda of short-term (1 to 3 years), mid-term (3 to 10
years), and long-term (10 to 20 years) goals, to attempt to answer some of the most
important questions facing California policymakers and scientists. Funding is not
available for all of the necessary work.  Roos (2003) describes this “roadmap” at

                                                       

1 Several recent conferences illustrate that this information flow is currently happening. For example, at a

recent CALFED meeting detailing modeling projects, several local stakeholder groups were represented,

along with larger environmental groups and many branches of government.
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www.energy.ca.gov/reports/2003-04-16_500-03-025FA-II.PDF. This roadmap has been
approved by the California Department of Water Resources to help it develop future
research efforts.

Other research needs include:

•  Climate change scientists should focus on the timeframes and spatial scales relevant
to water managers, who are concerned with watershed-level predication and
decadal time scales (Waggoner 1990).

•  Improve GCMs to more accurately represent hydrologic impacts, water resource
availability, overall hydrologic impacts, and regional impacts (Waggoner 1990;
Gleick and others 2000).

•  Improve downscaling of GCMs2  (Gleick and others 2000).

•  Planners should reassess water transfer plans for the Sacramento-San Joaquin Delta,
particularly in light of predicted sea-level rise (California Energy Commission 1991).

•  Changing land use patterns should be examined as a coping mechanism (Gleick and
others 2000).

•  Scientists and engineers should reexamine engineering designs, operating rules,
contingency plans, and water allocation policies under a wider range of climate
scenarios3 (American Water Works Association 1997; Gleick and others 2000).

•  Economists should investigate economic effects of climate change and of adaptations
to climate change (Gleick and others 2000).

•  Hydrologists should research effects on groundwater quality, recharge and flow
dynamics has been lacking (Gleick and others 2000).

•  All sectors should look into mitigation through decrease in fossil fuel use (California
Energy Commission 1991; American Water Works Association 1997).

5.5. Information Gathering

•  The state should improve hydrologic monitoring, including improving data on
storm frequency (California Energy Commission 1991; Gleick and others 2000).

•  Water quality monitoring should be increased (California Energy Commission 1991).

•  The State should reevaluate risks to flood zones at intervals of 20–30 years
(California Energy Commission 1991).

                                                       

2  This is one area that continues to see significant advances (e.g., Knowles and Cayan 2002; Snyder et al.

2002). Interestingly, Knowles and Cayan (2002) acknowledge water managers at DWR for providing

motivation for their work.

3  See (Yao and Georgakakos 2001).
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•  Information on the relative costs and benefits of non-structural managements
options, like demand management or decreased floodplain development should be
produced (Gleick and others 2000).

•  Agencies should explore the vulnerability of both structural and nonstructural water
systems (American Water Works Association 1997).

•  Economic and market tools should be explored, but Wilkinson and others (2002)
caution that this should not be equated with privatization.

In the context of these recommendations for types of action, the following more specific
items are available within several major topical categories.  Among the new tools water
agencies and managers are exploring are (1) incentives for conserving and protecting
supplies, (2) opportunities for transferring water among competing uses in response to
changing supply and demand conditions, (3) economic changes in how water is
managed within and among basins, (4) evaluating how “re-operating” existing
infrastructure can help address possible changes, and (5) new technology to reduce the
intensity of water use to meet specific goals (Gleick and others 2000).

6.0 Coping and Adaptation: Specific Policy Actions

The lessons from existing efforts need to be evaluated in order to understand how they
might mitigate (or worsen) the impacts of climate changes.  During the twentieth
century, dams, reservoirs, and other water infrastructure were designed with a focus on
extreme events such as the critical drought periods or the probable maximum flood.
This approach provided a cushion to deal with uncertainties such as climate variability
(Matalas and Fiering 1977).  In recent years, however, the high costs and environmental
concerns that now make it difficult to get a new project approved also make it likely that
the projects that are undertaken will have less redundancy built into their water supply
and control facilities than the projects built earlier (Frederick 1991).

Managing water resources with climate change could prove different than managing for
historical climate variability because: (1) climate changes could produce hydrologic
conditions and extremes of a different nature than current systems were designed to
manage; (2) it may produce similar kinds of variability but outside of the range for
which current infrastructure was designed; (3) it assumes that sufficient time and
information will be available before the onset of large or irreversible climate impacts to
permit managers to respond appropriately; (4) it assumes that no special efforts or plans
are required to protect against surprises or uncertainties (Gleick and others 2000).

The California Department of Water Resources’ California Water Plan (Bulletin 160) is
the most important statewide water-planning document for California.  Past editions
have given short shrift to climate change.  However, a draft chapter of Bulletin 160-2003
on the topic of “Planning for an Uncertain Future” contains  a major segment focusing
on climate change.  This inclusion represents an important acknowledgement by a major
state agency of the realities and necessities inherent to a changing climate.
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6.1. Water Planning and Management

Decisions about long-term water planning depend on climatic conditions and what
humans do to respond and adapt to those conditions. In the past, these decisions relied
on the assumption that future climatic conditions would have the same characteristics
and variability as past conditions.  Dams are sized and built using available information
on existing flows in rivers and the size and frequency of expected floods and droughts.
Reservoirs are operated for multiple purposes using the past hydrologic record to guide
decisions.  Irrigation systems are designed using historical information on temperature,
water availability, and soil water requirements.

This reliance on the past record now may lead us to make incorrect—and potentially
dangerous or expensive—decisions.  Given that risk, one of the most important coping
strategies must be to try to understand what the consequences of climate change will be
for water resources and to begin planning for those changes.  Emphasis on planning and
demand management rather than construction of new facilities marks an important
change in traditional water-management approaches, which in the past have relied on
the construction of large and expensive infrastructure.

O’Conner et al. (1999) examined the sensitivity and vulnerability of community water
systems to climate change by surveying 506 managers.  Water-system managers do not
dismiss the issue of climate change, but they have been reluctant to consider it in their
planning horizons until they perceive a greater degree of scientific certainty about
regional impacts.  Interestingly, most managers admit that they expect disruptions in
daily operations caused by changes in climate variability.  Experienced and full-time
water managers were more likely to consider future climate scenarios in planning than
inexperienced or part-time managers.  O’Conner et al. (1999) offered some conclusions
and discussion of policy implications of their survey:

•  Moving away from exclusive reliance on surface water by integrating surface
and groundwater management reduced vulnerability to climate fluctuations.

•  Continued efforts to improve research and to communicate the risk of climate
changes to water managers, especially at the local level, will be useful.

•  Local governments should consider creating more full-time water manager
positions to attract top professionals capable of considering long-term issues
and concerns in planning.

6.2. Sea Level Concerns

Five hundred and twenty miles of levees that protect the Delta Islands are non-project
(outside the federal flood control project) levees that are currently built to HMP (Hazard
Mitigation Plan) standards. Local districts responsible for maintaining these levees are
challenged by poor foundations and regulations to protect levee wildlife habitat. An
estimated expenditure of from $613 million to $1.28 billion would bring the levees up to
Public Law 84-99 standard (16 ft wide and 1.5 ft. free board above a 100-year flood)
(personal communication, Department of Water Resources, 2003).

To increase these non-project levees by one additional foot (to accommodate sea level
rise) would increase the cost by about $300 million.  There are currently 220 miles of
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project levees in the Delta region, which are mostly up to PL 84-99 standards. It will cost
over $130 million to accommodate an increase of a foot in this levee system. An
additional increase in the water level due to sea level rise would necessitate not only an
increase in the levee height, but also strengthening of the levees.

6.3. Modifying Operation of Existing Systems

There are two critical issues associated with using existing facilities to address future
climate change:  can they handle the kinds of changes that will occur; and at what
economic and ecological cost?  There have been few detailed analysis of either of these
questions, in part because of the large remaining uncertainties about how the climate
may actually change. Also, the principle of local public participation is increasingly
being implemented.  Involving the public in water management decisions has taken
steps forward in California through the CALFED process (Jacobs et al. 2003) and
through the public advisory committee role in the production of this document.

Regardless, without precise information on the characteristics of future climate, the best
that water managers can hope to do may be to explore the sensitivity of their system to a
wider range of conditions than currently experienced and to develop methods or
technologies that can improve operational water management.

The work of Lettenmaier et al. (1999) and Yao and Georgakakos (2001) reinforce the
conclusion that effective operation of complex systems can reduce impacts of climate
change, but only if implemented in a timely and dynamic manner.  Lettenmaier et al.
(1999) addressed this question of response to climate change for a series of water
systems around the United States.  They noted that reservoir systems buffer modest
hydrologic changes through operational adaptations.  As a result, the effects of climate
change on the systems they studied tend to be smaller than the underlying changes in
hydrologic variables.  They concluded that significant changes in design or scale of
water management systems might not be warranted to accommodate climate changes
alone, although this obviously depends on the ultimate size of the changes.  They urged
a concerted effort to adjust current operating rules or demand patterns to better balance
the existing allocated purposes of reservoirs, which requires planning and participation
by water managers.

Other steps should include determining quantitative impacts from climate change on
water supply and flood control including a systematic review and evaluation of all
major multi-purpose reservoirs for water supply and flood control and their ability to
adapt under current operating rules.  Also, evaluation of alternative options for water
management including evaluation of measures to improve water supply and quality,
reduce demands throughout the State, maintain and restore ecosystems, reoperate
reservoirs, and adapt to sea level rise in the Delta.  The work will emphasize increased
flexibility in both physical systems and institutional mechanisms in order to permit a
greater range of response.  Supply and quality measures will be particularly important
in regions dependent on imported supplies.

Due to the many uncertainties in predicting peak flows under climate change scenarios,
a closer look at the design practices of hydraulic infrastructure should be considered.
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Related to flood risk are the rainfall depth-duration-frequency data widely used for
designing local storm water control and drainage facilities.  It has been suggested that
these statistics be updated frequently, at least every 20 years or so.  In this way, climate
changes will be gradually incorporated into the record and in the rainfall statistics.

6.4. New Supply Options

Traditional water-supply options, such as dams, reservoirs, and aqueducts may still
have an important role to play in meeting water needs in parts of the United States.
Because new infrastructure often has a long lifetime, it is vital that the issue of climate
change be factored into decisions about design and operation.

While new supply options can be expensive and controversial traditional, water-supply
options such as dams, reservoirs and aqueducts may still have an important role to play
in meeting water needs of California.  At present the Department of Water Resources in
collaboration with United States Bureau of Reclamation (USBR), Contra Costa Water
district (CCWD), and local agencies are looking into enlarging instream storages in
Shasta and Millerton reservoirs, off-stream storage options such as Red Bank Project,
Colusa Reservoirs and Sites reservoirs, enlarging Los Vaqueros reservoir, and flooding
four Delta islands, namely: Bacon, Web, Bouldin, and Holland.  These projects will
increase supply reliability, improve water quality, and improve some environmental
issues such as providing wildlife habitats and cooler water for salmon migration.
Because new infrastructure often has a long lifetime, it is vital that the issue of climate
change be factored into decisions about designs and operations.

Aside from new water-supply infrastructure, options to be considered include
wastewater reclamation and reuse, water marketing and transfers, and even limited
desalination where less costly alternatives are not available and where water prices are
high.  None of these alternatives, however, are likely to alter the trend toward higher
water costs. They are either expensive relative to traditional water costs or their
potential contributions to supplies are too limited to make a significant impact on long-
term supplies.  Ultimately, the relative costs, environmental impacts, and social and
institutional factors will determine the appropriate response to greenhouse-gas-induced
climate changes.

Major (1998) notes that incremental construction can allow for adaptation but adds that
planners must choose robust designs to permit satisfactory operation under a wider
range of conditions than traditionally considered.  Designing for extreme conditions,
rather than simply maximizing the expected value of net benefits, should be considered.
He also suggests postponement of irreversible or costly decisions.

6.5. Demand Management, Conservation, and Efficiency

Demand management, especially in the face of population increase, is critical to mitigate
loss of water supply.  More water-efficient methods in agricultural, industrial, and
urban water have been effective in the past in this capacity (Owens-Viani et al. 1999) and
should be further developed and implemented.
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As the economic and environmental costs of new water-supply options have risen, so
has interest in exploring ways of improving the efficiency of both allocation and use of
water resources.  Improvements in the efficiency of end uses and sophisticated
management of water demands are increasingly being considered as major tools for
meeting future water needs, particularly in water-scarce regions where extensive
infrastructure already exists (Vickers 1991; Postel 1997; Gleick 1998; Dziegielewski 1999;
Vickers 1999).  Evidence is accumulating that such improvements can be made more
quickly and more economically, with fewer environmental and ecological impacts, than
further investments in new supplies (Owens-Viani et al. 1999).

The largest single user of water is the agricultural sector and in some places a substantial
fraction of this water is lost as it moves through leaky pipes and unlined aqueducts, as it
is distributed to farmers, and as it is applied to grow crops.  In water-short areas, new
techniques and new technologies are already changing the face of irrigation.  Identifying
technical and institutional ways of improving the efficiency of these systems in a cost-
effective manner will go a long way toward increasing agricultural production without
having to develop new supplies of water (Gleick 1998).

In an assessment of urban water use, Boland (1997, 1998) shows that water conservation
measures such as education, industrial and commercial reuse, modern plumbing
standards, and pricing policies can be extremely effective at mitigating the effects of
climate change on regional water supplies.  A number of water-system studies have
begun to look at the effectiveness of reducing system demands for reducing the overall
stresses on water supplies, both with and without climate changes.  Wood et al. (1997)
and Lettenmaier et al. (1999) noted that long-term demand growth estimates had a
greater impact on system performance than climate changes in circumstances when
long-term withdrawals are projected to grow substantially.  Actions to reduce demands
or to moderate the rate of increase in demand growth can therefore play a major role in
reducing the impacts of climate changes.  Far more work is needed to evaluate the
relative costs and benefits of demand management and water-use efficiency options in
the context of a changing climate.

6.6. Economics, Pricing, and Markets

Prices and markets are also increasingly important tools for balancing supply and
demand for water and hence for coping with climate-induced changes.  Economists and
others are beginning to advocate an end to the treatment of water as a free good.  This
can be accomplished in many different ways.  Because new construction and new
concrete projects are increasingly expensive, environmentally damaging, and socially
controversial, new tools such as the reduction or elimination of subsidies, sophisticated
pricing mechanisms, and smart markets provide incentives to use less water, produce
more with existing resources, and reallocate water among different users.  Water
marketing is viewed by many as offering great potential to increase the efficiency of
both water use and allocation (NRC 1992; Western Water Policy Review Advisory
Commission 1998). As conditions change, markets can help resources move from lower-
to higher-value uses.
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Water transfers in itself do not create new water, but simply reallocate water within a
region or between regions.  This process enables a better distribution of water
throughout the State from areas of surplus to areas in need. In a guide to water transfer,
the California State Water Resources Control Board stipulates that a person who
transfers water should hold the rights to it and should not injure another water right
holder or unreasonably effect instream beneficial uses.  For efficient water marketing
and smooth transferring of water the users should have a clear idea about the transfer
costs.

Water banks acts as storage locations where excess water is held until a withdrawal is
necessary.  The storage location could be either a surface reservoir or a groundwater
aquifer.  Water banks enhance the versatility of water transfers and marketing, though
many questions about equity, pricing, and operations remain to be answered.

The characteristics of water resources and the institutions established to control them
have inhibited large-scale water marketing to date. Water remains underpriced and
market transfers are constrained by institutional and legal issues.  Efficient markets
require that buyers and sellers bear the full costs and benefits of transfers. However,
when water is transferred, third parties are likely to be affected.   Where such
externalities are ignored, the market transfers not only water, but also transfers the
benefits that the water provides to a non-consenting third party to the parties involved
in the transfer. A challenge for developing more effective water markets is to develop
institutions that can expeditiously and efficiently take third-party impacts into account
(Loh and Gomez 1996; Gomez and Steding 1998; Dellapenna 1999).  As a result, despite
their potential advantages, prices and markets have been slow to develop as tools for
adapting to changing supply and demand conditions.

California’s emergency Drought Water Banks in the early 1990s helped mitigate the
impacts of a prolonged drought by facilitating water transfers among willing buyers and
sellers.  Dellapenna (1999) and others have noted, however, that the California Water
Bank was not a true market, but rather a state-managed reallocation effort that moved
water from small users to large users at a price set by the state, not a functioning market.
More recent efforts to develop functioning markets on smaller scale have had some
s u c c e s s  ( C a l i f o r n i a  D e p a r t m e n t  o f  W a t e r  R e s o u r c e s ,
rubicon.water.ca.gov/b16098/v2txt/ch6e.html).

Temporary transfers may be particularly useful for adapting to short-term changes such
as climate variability. They are less effective in dealing with long-term imbalances that
might result from changing demographic and economic factors, social preferences, or
climate. At some point, the historical allocation of water becomes sufficiently out of
balance to warrant a permanent transfer of water rights.

6.7. State Water Law

Few analyses have tried to evaluate how climate change impacts may affect, and be
affected by, water laws and regulatory structures.  Water in its many different forms has
been managed in different ways at different times, and in different places around the
country, leading to complex and sometimes conflicting water laws.  At the federal level,
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laws such as the Clean Water Act and the Safe Drinking Water Act have played a major
role in how water is used, allocated, and treated.  Yet these national tools, not to mention
the many regional and local laws affecting water, were all designed without considering
the possibilities of climate changes (Trelease 1977).  Even without such changes, efforts
are needed to update and improve legal tools for managing and allocating water
resources.  Tarlock (1991) evaluated how western water laws may begin to conflict as
climate change affects water availability and reliability.  Dellapenna (1999) argues that
the current fragmented approach is obsolete and that integrated water management at
the basin level is required, both with and without climate changes.  He further argues,
however, that climate changes are likely to exacerbate the problems that already exist
under inefficient management.

6.8. Hydrologic and Environmental Monitoring

Better data on hydrology and land use are critical to California’s successful adaptation to
expected climate change. Changes in hydrology are among the most certain of climate
change impacts and good hydro-meteorological data are the starting point for
evaluating the capabilities of the current water supply and flood protection systems to
continue to serve the people of California.  Hydrological data are used in the design and
operation of water supply systems and flood control works, the provision of
environmental needs, and in design of other infrastructure. Several State agencies have
ongoing climate, water, and land use/land cover monitoring programs.  But there are
important gaps, particularly in areas where greater changes are anticipated. At a
minimum, data must be collected in several important categories, including:

Enhance measurements of precipitation and related climate data, streamflow,
snowpack, and ocean and Delta water levels.

A water quality sampling network designed to look at changes expected from
climate change.

More systematic sea-level measurements in the San Francisco Bay and Delta
region, and elsewhere along California’s coast.

Enhanced land use and cover monitoring within the State.

Finally, it is important to continue to collect, maintain, and evaluate records from
existing California stations, incorporating data from recent years. Efforts should be
made to prevent cuts in monitoring and data collection due to budget constraints.
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